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Abstract

The tentacle withdrawal reflex of the
snail Helix aspersa exhibits a complex
combination of habituation and
sensitization consistent with the
dual-process theory of plasticity.
Habituation, sensitization, or a combination
of both were elicited by varying stimulation
parameters and lesion condition. Analysis of
response plasticity shows that the late phase
of the response is selectively enhanced by
sensitization, whereas all phases are
decreased by habituation. Previous data
have shown that tentacle withdrawal is
mediated conjointly by parallel
monosynaptic and polysynaptic pathways.
The former mediates the early phase,
whereas the latter mediates the late phase of
the response. Plastic loci were identified by
stimulating and recording at different points
within the neural circuit, in combination
with selective lesions. Results indicate that
depression occurs at an upstream locus,
before circuit divergence, and is therefore
expressed in all pathways, whereas
facilitation requires downstream facilitatory
neurons and is selectively expressed in
polysynaptic pathways. Differential
expression of plasticity between pathways
helps explain the behavioral manifestation
of depression and facilitation. A simple
mathematical model is used to show how
serial positioning of depression and
facilitation can explain the kinetics of
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dual-process learning. These results
illustrate how the position of cellular
plasticity in the network affects behavioral
change and how forms of plasticity can
interact to determine the kinetics of the net
changes.

Introduction

An important goal in studies of learning and
memory is to relate cellular plasticity to behavioral
change. To achieve this, one must consider what is
happening at the neural network level. The impor-
tance is twofold. First, different network elements
may mediate different components of the behav-
ioral response, meaning that plasticity in different
network elements will confer learning in different
components of the behavior. Second, relating
learning kinetics at the cellular level to learning
kinetics at the behavioral level may be complicated
by interactions between learning processes at the
network level. The tentacle withdrawal reflex of
the snail Helix aspersa is plastic (Prescott and
Chase 1996) and is mediated by a relatively simple
neural network (Prescott et al. 1997), which makes
it a suitable preparation in which to investigate the
relationship between cellular plasticity and behav-
ioral change.

Our first goal was to localize plasticity within
the neural network to help relate cellular plasticity
to behavioral change. We have shown previously
that excitation caused by a brief mechanical stimu-
lus to the tip of the tentacle is transformed into a
prolonged neuronal discharge in interneurons of
the tentacle ganglion (Prescott et al. 1997). Pro-
longed activity is transmitted through the polysyn-
aptic pathway and is thought to be a major deter-
minant of muscle response duration based on cor-
relative data and direct motoneuron stimulation
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experiments in Helix (Prescott et al. 1997) and
modeling studies in Aplysia (Lieb and Frost 1997).
Neural activity in the monosynaptic pathway con-
sists of a phasic burst that is rapidly transmitted to
the muscle, thereby mediating the early phase of
the muscle response. Similar dichotomous roles
are seen in the parallel monosynaptic and polysyn-
aptic pathways that mediate withdrawal reflexes in
Aplysia (Cleary and Byrne 1993; White et al. 1993;
Frost and Kandel 1995; Lieb and Frost 1997). Based
on the different functions of the neural pathways,
the current study investigated whether differential
expression of depression and facilitation in the
monosynaptic and polysynaptic pathways can ex-
plain why habituation largely determines response
amplitude, whereas sensitization largely deter-
mines response duration, as previously described
in Helix (Prescott and Chase 1996).

We also sought to localize sites of plasticity to
investigate the interactions between learning pro-
cesses. In certain systems, habituation and sensiti-
zation can develop concurrently and compete to
determine behavioral change and thereby produce
a pattern of learning (referred to here as dual-pro-
cess learning) consistent with the dual-process
theory of plasticity proposed by Groves and
Thompson (1970). Habituation and sensitization
are often considered opposing processes and,
therefore, mutually exclusive. But these forms of
learning do occur together and work toward a
common goal. Sensitization increases the salience
of strong and/or novel stimuli (high informational
value), whereas habituation decreases the salience
of repeated stimuli (low informational value) that,
as Brown (1998) points out, serves to further en-
hance the salience of less frequent, high informa-
tion stimuli. The combination of sensitization and
habituation essentially works toward making be-
havior effective but not wasteful.

Dual-process learning occurs within diverse
systems (for review, see Prescott 1998) including
the tentacle withdrawal reflex of Helix (Christof-
fersen et al. 1981; Zakharov and Balaban 1987;
Balaban 1993; Prescott and Chase 1996). The rela-
tive positioning of depression and facilitation
within the neural network is thought to underlie
the learning kinetics that characterize dual-process
learning. Thus, the second goal of this paper was to
explain the kinetics of dual-process learning by in-
vestigating this phenomenon in a relatively simple
system.

To achieve the two goals described above, this
study made use of the recently improved charac-
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terization of the neural circuit mediating tentacle
withdrawal in the snail Helix aspersa (Fig. 1) (Pres-
cott et al. 1997). Localization of plastic loci was
achieved by stimulating and recording at different
points in the circuit, thereby including or exclud-
ing plastic loci in the stimulus-response pathway.
Careful analysis of the responses shows the disso-
ciation of plasticity in the different phases of the
response; we relate these changes to differential
plasticity in the constituent pathways of the neural
circuit. Because habituation and sensitization are
differentially influenced by stimulus intensity and
repetition, we were able to selectively elicit one or
the other form of plasticity by changing stimulation
parameters. Habituation is ideally induced by low-
intensity, high-frequency @i.e., repetitive) stimula-
tion, whereas sensitization is ideally induced by
high-intensity, low-frequency stimulation (Thomp-
son and Spencer 1966). Moreover, in the tentacle
withdrawal reflex of Helix, habituation and sensi-
tization are distinguished by their requirements for
induction: The central nervous system (CNS) is
necessary for the induction of sensitization but is

Olfactory Tentacle Tentacle
Epithelium Ganglion Retractor Muscle
~ -
%_.@_ 0 ] distgl proximal
:J
Offactory Nerve
Tentacle
Retractor
Cerebral Nerve
Ganglion
Figure 1: The neural circuit mediating tentacle with-

drawal. Mechanical stimulation is applied to the olfac-
tory epithelium. Sensory neurons (S) transmit the neural
information through parallel peripheral and central
stimulus-response pathways, the latter passing through
the cerebral ganglion (CNS). Previous evidence suggests
that the short latency response is mediated by monosyn-
aptic pathways, whereas the later, more prolonged re-
sponse is mediated by polysynaptic pathways. Prolon-
gation of the neural signal probably occurs during trans-
mission through locus 1. Apart from the giant neuron
C3, each circle represents a group of cells. Facilitatory
neurons (F) have not been identified but are believed to
project from the cerebral ganglion into the tentacle gan-
glion. The numbers indicate potential loci of synaptic
plasticity as referred to in the text and in Table 1. (1)
Interneurons; (M) motoneurons additional to C3. Modi-
fied from Prescott et al. (1997).
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not needed for the induction of habituation,
though the peripheral nervous system is sufficient
to express both forms of learning (Prescott and
Chase 1996). Therefore, we were able to elicit ha-
bituation, sensitization, and combinations thereof
to obtain the data necessary to test a recently pub-
lished model of dual-process learning kinetics
(Prescott 1998). Some of these data have been pub-
lished previously in abstract form (S.A. Prescott
and R. Chase, unpubl.).

Materials and Methods

Methodology for the current experiments has
been published previously (Prescott and Chase
1996; Prescott et al. 1997); it is summarized here,
along with variations and additional information
relevant to the current study. Mature specimens of
the terrestrial snail Helix aspersa were used for all
experiments. Each snail was anesthetized by injec-
tion of [B ml of isotonic MgCl,. All central nervous
ganglia plus the superior tentacles (rhinophores)
were removed and dissected in a Sylgard-coated
dish filled with a 1:1 mixture of MgCl, and normal
snail saline (Prescott and Chase 1996). For CNS
lesions, the olfactory nerve and the tentacle retrac-
tor nerve were cut leaving only the tentacle for
experimentation. After dissection, the solution was
replaced with normal saline, and experimentation
was delayed =30 min.

Mechanical stimulation was effected by a 1-sec
pulse of saline applied to the immobilized olfactory
epithelium (which under natural conditions is lo-
cated at the tip of the superior tentacle when the
tentacle is extended). The strength of stimulation
was adjusted by changing the pump flow rate.
Stimulus strength is referred to as weak (0.23 ml/
sec) or strong (0.41 ml/sec); stimulation stronger
than 0.41 ml/sec was not used in the present study
because inhibition can develop after very strong
stimulation (Prescott 1997). The tentacle retractor
muscle was attached at its proximal end to a force
transducer, and its contractile force was measured
isometrically. Neural activity was recorded in the
olfactory nerve by use of a suction electrode. All
olfactory nerve recordings were performed with a
CNS lesion because it was necessary to sever the
nerve and take up the distal stump in the electrode
(as opposed to taking up the nerve en passant) to
get an extracellular recording of sufficient quality
to clearly identify action potentials. Neural activity
was also recorded intracellularly from the identi-
fied motoneuron C3. All data were digitized and
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stored on computer (Digidata 1200 A/D converter
and Axotape 2.0.2 software, both from Axon In-
struments) for later analysis.

TRAINING SCHEDULE

The training schedule is adapted from that
used previously (Prescott and Chase 1996). The
baseline, or naive, response was determined by the
first test stimulus (trial 0). Blocks of five training
stimuli were then applied at 2-min interstimulus
intervals; after each block, a single test stimulus
was applied. This was repeated five times for a
total of 31 stimuli. The responses to the six test
stimuli (trials 0-5) constitute the principal data in
our analysis. All test stimuli (with one exception
described in Results) were “weak” regardless of
the stimulus intensity used for training. This allows
for a direct comparison of responses to test stimuli
such that differences between training conditions
are clearly attributable to training, and not to test-
ing. Furthermore, the muscle response to weak
stimulation is not saturated at any phase, meaning
that sensitization, if present, would not be pre-
vented from causing an observable increase in that
phase.

RESPONSE ANALYSIS

The first 30 sec of each response were re-
corded and subsequently analyzed to create a re-
sponse profile. For muscle responses, tension was
measured at 0.5-sec intervals and plotted against
time after stimulus onset. For olfactory nerve and
C3 responses, action potentials were counted in
0.5-sec bins and plotted against time after stimulus
onset (using time at midpoint of the bin) to give a
spike-frequency histogram. This was repeated for
trials 0-5. Each measurement in each trial was nor-
malized to the peak response in trial O of the same
preparation (maximal tension or bin measured
over 30 sec) so that each measurement is ex-
pressed as a percentage of that peak. Responses
from all preparations used in a given training con-
dition were averaged. Three-dimensional response
profiles are used to express the response ampli-
tude at different phases of the response and to
show how this changes with repeated stimulation,
that is, from trials 0-5.

Changes in the different phases of the re-
sponse were quantified in learning curves. For
muscle responses, tension was analyzed at three
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different phases of the response: (1) Rising phase
corresponds to tension at 2 sec and reflects the
rate of muscle contraction, (2) peak phase corre-
sponds to tension at 7 sec and reflects the peak
amplitude of muscle contraction, and (3) late
Dhase corresponds to average tension between 15
sec and 30 sec. The average response over 15 sec
was analyzed because tension tends to fluctuate
during the late phase. Response amplitude during
the late phase is taken as an index of response
duration because it shows the maintenance of
muscle tension and it is not confounded by
changes in other phases as can happen with other
measures of response duration, for example,
changes in peak phase will affect duration at half
peak tension. For nerve and C3 responses, late
phase was calculated as above, peak phase corre-
sponds to the time indicated in the appropriate
figure legends, and rising phase was not calculated.
For each preparation, the response at a particular
phase in a given trial is expressed as percent of the
response at the same phase in trial 0. Responses
from preparations within the same training condi-
tion were averaged. For nerve and C3 responses,
n = 3 preparations; this number is low because of
the difficulty in maintaining stable recordings over
the duration of training (>1 hr). For muscle re-
sponses, n varies for different conditions and is
reported in the figure legends. The variation is at-
tributable to the fact that muscle recordings were
done simultaneously with nerve or C3 recordings
that were sometimes lost during training; the
muscle record was not discarded when the corre-
sponding nerve or C3 record was incomplete.
Data are reported as mean + s.e. For the pur-
poses of statistical testing, data were log trans-
formed after normalization. As a response de-
creases, further reduction is limited and variance
across preparations decreases, whereas the oppo-
site is true as a response increases; a log transfor-
mation redistributes the data more evenly and
thereby makes variances more similar. Two-tailed
unpaired #tests were applied on rising phase and
late phase data of each training condition; no tests
were applied to peak phase data because changes
were generally intermediate compared with the
other two phases. Starting with trial 1, testing was
repeated until an increasing or decreasing trend
reached significance compared with either the
baseline response (trial 0) in the same training con-
dition or the matching trial in the control condition
(weak, infrequent stimulation; Fig. 2B), or until
trial 5. A Bonferroni correction was applied based
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on the number of times #tests were repeated for
data of a given phase for a given training condition.
Two-way analyses of variance (ANOVAs) were also
used to analyze the effects of stimulus intensity and
frequency on response plasticity. Statistical analy-
sis and curve fitting were performed on either Sig-
maStat version 1 or SigmaPlot version 4 (SPSS,
Inc.).

Results

CONTROL CONDITION AND SELECTIVE
INDUCTION OF SENSITIZATION

A sample naive muscle response to weak
stimulation is shown in Figure 2A. Using stimula-
tion parameters predicted to not cause any plastic-
ity (weak test stimuli at 12-min intervals without
any intervening training stimuli), five preparations
were tested to verify this prediction and to ensure
that the in vitro preparation was stable over the
duration of training. Minimal change in the muscle
response was observed between trials 0 and 5 (Fig.
2B). There was some decrease in the rising phase,
but the change was not significant compared with
baseline nor did the kinetics suggest that habitua-
tion was responsible for the change. The increase
in the late phase was also not significant, but it may
indicate mild sensitization. These data (referred to
as “control” later in the text) serve as the standard
with which to compare data from other training
conditions to demonstrate plasticity in the muscle
response.

The purpose of the next experiment was to
selectively induce sensitization without habitua-
tion by applying strong but infrequent stimuli (at
12-min intervals). This was the only case in which
strong stimulation was used for testing; the higher
baseline response may cause an underestimation of
the percentage increase in the response caused by
learning. The muscle response exhibited the ef-
fects of sensitization, but not in all phases (Fig. 2C).
The late phase response showed the greatest in-
crease, rising to 288 + 75% by trial 1 (which was a
significant increase compared with control;
P < 0.05) and remaining at this level. The peak
phase response was also slightly increased. The ris-
ing phase response decreased, but the change was
not significant compared with control, suggesting
an absence of learning in this phase.

These data demonstrate two points. First, they
confirm that strong stimuli can elicit sensitization,
whereas weak stimuli do not. Second, they show
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Test Stim

0

— Figure 2: Plasticity of muscle response at
(" o )| long interstimulus intervals. Trial stimuli
] are applied at 12-min interstimulus inter-

vals; no intervening training stimulation
is given. The box in this and subsequent
figures shows a circuit diagram with sites
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9% of Trial 0 Muscle Response
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of stimulation and recording indicated.
(A) Example of muscle response to weak
mechanical stimulation in naive prepara-
tion. The duration of stimulation is marked
by a thick bar at bottom, left of the trace.
The three different phases of the response
to be measured are also marked: (&) rising
phase, response at 2 sec; (A) peak phase,
response at 7 sec; (#) late phase, response
over the last 15 sec. (B1) Response pro-
files, weak stimulation; n=5 prepara-
tions. (B2) Learning curves, weak stimula-
tion. Error bars in this figure and all other
figures represent s.e. The late phase re-
sponse increases slightly, whereas the ris-
ing phase decreases slightly; none of these
changes is significant compared with
baseline (trial 0) (unpaired ttests with
Bonferroni correction for five repeated
tests for each phase). These data are con-
sistent with an absence of plasticity; this
training condition (weak, infrequent
stimulation) is therefore referred to as the
control condition. (CT) Response profiles,

Trial #

strong stimulation; n=3 preparations.
Small graph shows a 90° clockwise ro-
tated view of the large graph. (C2) Learn-

ing curves, strong stimulation. The late phase response is significantly increased by trial 1 compared with the control data
in B2 [asterisk (*) P < 0.05; unpaired t-test]. The rising phase response did not change significantly between trials 1 and
5 compared with control data [(ns) not significant; unpaired t-tests with Bonferroni correction for five tests]. The peak phase
showed intermediate changes. These data indicate that habituation does not result from low-frequency stimulation but that
sustained sensitization can be induced by strong, infrequent stimulation.

the selective effects of sensitization on the late
phase response and therein suggest that facilitation
is restricted to the polysynaptic pathway. As pre-
dicted, there is no indication of habituation with
weak, infrequent stimulation. Given the absence of
habituation, it is noteworthy that the effects of sen-
sitization are maintained between trials 1 and 5 in
the late phase response (Fig. 2C).

PLASTICITY OF MUSCLE RESPONSE
WITH CNS INTACT

The goal of the next experiment was to induce
habituation by increasing the stimulation fre-
quency. With weak stimulation at 2-min intervals,
all phases of the muscle response showed the ex-
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ponential decrease (Fig. 3A) characteristic of ha-
bituation (Thompson and Spencer 1966). Reduc-
tions in the rising phase and late phase responses
were both significant by trial 1 (P < 0.05).

As shown above, repetitive stimulation (.e.,
high-frequency) tends to cause habituation,
whereas strong stimulation tends to cause sensiti-
zation. High-frequency, strong stimulation should
simultaneously cause habituation and sensitization.
The effects of this sort of stimulation are shown in
Figure 3B. The rising phase habituated but at a
slower rate than with repetitive weak stimulation;
the decrease was significant by trial 2 (P < 0.05).
Habituation of the peak phase was also reduced
such that there was virtually no change in the re-
sponse compared with baseline. Plasticity in the
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Figure 3: Plasticity of muscle response
with CNS intact. (A) Rising phase, re-
sponse at 2 sec; (A) peak phase, re-
sponse at 7 sec; (#) late phase, re-
sponse over the last 15 sec. (A7) Re-
sponse profiles, weak stimulation; n = 4
preparations. (A2) Learning curves,
weak stimulation. All phases of the
muscle response show an exponential
decrease, though at slightly different
rates, as is standard for habituation. Re-
ductions in the rising phase and late
phase are both significant by trial 1
[asterisk (*) P < 0.05; unpaired t-tests].
(B1) Response profiles, strong stimula-
tion; n=5 preparations. Small graph
shows a 90° clockwise rotated view of
the large graph. (B2) Learning curves,
strong stimulation. Different phases of
the muscle response exhibit very differ-
ent changes. The rising phase still ex-
hibits habituation though at a reduced
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t-test]. Changes in the peak phase
are again intermediate compared with
changes in the other two phases. The

Trial #

Trial #

nonmonotonic changes (as seen in the late phase response) are a defining feature of dual-process learning. These data
indicate that habituation affects all phases of the response, whereas sensitization predominantly affects the late phase.

late phase was the most profoundly altered with
the response transiently rising above baseline for
trials 1-3. The response reached 182.3 + 40.7% in
trial 1, which, though not significantly larger than
trial 1 of the control condition, was significantly
larger than trial 1 in Figure 3A (P < 0.05). It is very
important to notice the decrease in the late phase
response between trials 1 and 5 (Fig. 3B). The non-
monotonic changes in late phase response ampli-
tude are consistent with dual-process learning and
suggest that habituation and sensitization occur si-
multaneously. This is in striking contrast to the
learning kinetics for the late phase response in Fig-
ure 2C wherein only sensitization is evident.

The rising phase of the muscle response is me-
diated monosynaptically, whereas the late phase is
mediated polysynaptically (see Introduction). The
findings indicate that, with weak stimulation, ha-
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bituation affects all phases of the muscle response,
suggesting that depression is expressed in both
monosynaptic and polysynaptic pathways. With
strong stimulation, only the late phase shows clear
evidence of sensitization, suggesting that facilita-
tion occurs selectively in the polysynaptic path-
way. Reduction in the rate of habituation of the
rising phase response with strong stimulation com-
pared with weak stimulation does not indicate sen-
sitization because habituation occurs more slowly
with higher stimulus intensities without any con-
tribution from sensitization (Thompson and Spen-
cer 1966; see below); notably, the learning curve
for this phase still displays a monotonic exponen-
tial decrease. The peak phase is presumably medi-
ated jointly through both monosynaptic and poly-
synaptic pathways, which would explain its inter-

mediate plasticity.
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STATISTICAL ANALYSIS OF EFFECTS
OF STIMULUS PARAMETERS

Two-way ANOVAs were used to further inves-
tigate the effects of stimulus intensity and fre-
quency on plasticity of the rising phase and late
phase of the muscle response. Comparing the late
phase responses in trial 1 for different stimulation
parameters (data from Figs. 2 and 3), a two-way
ANOVA showed that intensity had a significant ef-
fect (Fypyrensiny = 10.00, P < 0.01, df = 1). Frequency
had an effect that fell just short of significance
after allowing for the effects of intensity
Frrequency = 4.28, P=10.06, df=1). However, a
two-way ANOVA on the late phase response in
trial 5 showed that frequency had a significant ef-
fect on plasticity after allowing for differences in
intensity  (Fpequency = 10.06, P <0.01, df=1,
whereas intensity no longer had a significant effect
Frptensiry = 2.67, P>0.05, df =1). Repeating the
ANOVA on trials 2-4 showed that intensity had a
significant effect in trial 2 (P < 0.05), but the effect
was not significant in later trials. In contrast, the
effects of frequency only became significant at trial
3 (P < 0.05) and increased in later trials. The fact
that stimulus frequency and intensity both affect
plasticity of the late phase response is further evi-
dence that both habituation and sensitization com-
pete to determine net changes in this phase of the
response and, moreover, that the balance between
the two learning processes shifts in favor of habitu-
ation as training progresses.

Analysis of the rising phase response showed a
different pattern of effects. Two-way ANOVAs on
trials 1-5 showed that stimulus intensity did not
have a significant effect on plasticity in any of the
trials. Stimulus frequency, on the other hand, had a
significant effect in all trials (at least P < 0.05).
These results are consistent with the argument that
the rising phase of the response is affected by ha-
bituation but not by sensitization.

PLASTICITY OF MUSCLE RESPONSE
AFTER CNS LESION

Previous studies in Helix have shown that the
rate, amplitude, and duration of muscle contrac-
tion are reduced after a CNS lesion (Prescott and
Chase 1996; Prescott et al. 1997), but the response
is still quite robust and can exhibit the effects of
learning. Unlike habituation that does not require
the CNS, sensitization requires the CNS for induc-
tion but not for expression (Prescott and Chase
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1996). Therefore, preparations with CNS lesions
were trained with either weak or strong stimuli for
comparison to the plasticity in preparations with
the CNS intact. The prediction was that habitua-
tion would be intact, whereas sensitization would
be absent in those preparations with a CNS lesion.

As when the CNS is intact, repeated weak
stimulation after a CNS lesion resulted in habitua-
tion of all phases of the muscle response (Fig. 4A).
Reductions in the rising phase and in the peak
phase were both significant by trial 1 (P < 0.05 and
P < 0.01, respectively). Repeated strong stimula-
tion with a CNS lesion, on the other hand, did not
elicit the same plasticity as with an intact CNS.
Instead, all phases of the response habituated with
standard kinetics (Fig. 4B); reduction in the rising
phase was significant by trial 1 (P < 0.05), and re-
duction in the late phase was significant by trial 4
(P < 0.01). Furthermore, kinetics of plasticity in
the late phase were qualitatively changed in that
there was no transient increase in the response
above baseline as seen when the CNS was intact
(Fig. 3B). These changes are attributable to a loss of
facilitation caused by the CNS lesion, which is con-
sistent with the necessity of the CNS for sensitiza-
tion’s induction (see above). Habituation of the ris-
ing phase is virtually unchanged from that seen in
Figure 3B, supporting the previous argument that
facilitation does not occur in the monosynaptic
pathway.

As mentioned above, habituation is reduced
when stimulus intensity is increased (Thompson
and Spencer 1966). This is an intrinsic property of
habituation and does not rely on the incremental
effects of sensitization. The reduction of habitua-
tion in the absence of sensitization is clearly seen
by comparing the plasticity elicited by weak (Fig.
4A) and strong (Fig. 4B) stimulation after a CNS
lesion. The argument for reduced habituation
rather than occult sensitization is supported by the
fact that the decrease is monotonic, rather than
showing any transient increase suggestive of sensi-
tization.

PLASTICITY OF OLFACTORY NERVE RESPONSE
AFTER CNS LESION

Having investigated the learning kinetics of
tentacle withdrawal, the next step was to explore
the underlying network plasticity. We began by
looking at plasticity in the earliest (most upstream)
part of the circuit and then moved progressively
downstream. The numbered loci in Figure 1 indi-
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Figure 4: Plasticity of muscle response
after CNS lesion. (A) Rising phase, re-
sponse at 2 sec; (A) peak phase, re-
sponse at 7 sec; (#) late phase, response
over last 15 sec. (A7) Response profiles,
weak stimulation; n=5 preparations.
(A2) Learning curves, weak stimulation.
As with the CNS intact, weak stimulation
results in habituation of all phases of the
response. Reductions in the rising phase
and late phase are both significant by
trial 1 [asterisk (*), P < 0.05; asterisks
(**), P< 0.01; unpaired t-tests]. (BT) Re-
sponse profiles, strong stimulation; n = 3
preparations. (B2) Learning curves,
strong stimulation. Reduction in the ris-
ing phase is still significant at trial 1 [as-
terisk (¥) P<0.05; unpaired ttest),
whereas the reduction in the peak phase
reaches significance at trial 4 [asterisk
(*), P<0.05; unpaired t-tests with Bon-
ferroni correction for four tests]. These
curves are markedly different from the
equivalent curves in Fig. 3B2, that is,
there is no transient increase above
baseline. This confirms that the CNS is
necessary for the induction of sensitiza-
tion, which also reflects the heterosyn-
aptic nature of facilitation. Comparison
of A and B shows that even in the ab-
sence of sensitization, the rate and de-
gree of habituation are less under condi-
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tions of strong stimulation compared 0
with weak stimulation, consistent with 0
the standard kinetics of habituation.

cate possible sites of plasticity and generally follow
the chronology of our investigation.

To investigate plasticity in the upstream cir-
cuit, the CNS was lesioned and the distal stump of
the olfactory nerve was taken up in a suction elec-
trode to record afferent neural activity. Figure 5A
shows a sample recording from the olfactory
nerve. Response profiles are shown only for strong
stimulation (Fig. 5B1); data from weak stimulation
are very similar. Learning curves for both stimulus
strengths are shown in Figure 5B2. The peak
phase, occurring very early in the response (1.25
sec; see Fig. 5A), was not significantly different
from the baseline response at any trial, for both
weak and strong stimulation. Given the short la-
tency to the peak phase, the majority of this re-
sponse constitutes activity in the monosynaptic
pathway because activity in the polysynaptic path-
way is delayed by an upstream synapse and, more-
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over, never seems to reach such a high firing fre-
quency. The absence of plasticity in the peak
phase is therefore consistent with a direct projec-
tion of sensory neurons to the CNS (see Fig. 1),
meaning that there is no plastic synapse upstream
of the recording site nor that decreased neuronal
excitability plays any role in depression. The short
duration of the nonplastic phase (see Fig. 5B1) re-
flects the phasic nature of activity in the monosyn-
aptic pathway.

The prolonged neural activity transmitted
through the polysynaptic pathway (.e., late
phase), on the other hand, showed a progressive
decrease with training. This occurred for both
strong and weak stimulation, as expected with a
CNS lesion (because there is no sensitization). The
reduction compared baseline was significant by
trial 1 for both stimulus strengths (P < 0.05). The
most likely explanation for this reduction is depres-
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Figure 5: Plasticity of olfactory nerve

A T

response after CNS lesion. (A) Example
of olfactory nerve response to weak me-
chanical stimulation in a naive prepara-
tion. The tops of the action potentials
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% of Trial 0 OIf. N. Response

were truncated during recording. The
duration of stimulation is marked by a
thick bar at bottom, left of the trace. The
two different phases of the response to
be measured are also marked: (A) peak
phase, response at 1.25 sec; (#) late
phase, response over the last 15 sec.
(B1) Response profiles, strong stimula-
tion; n =3 preparations. Response pro-
files for weak stimulation (not shown,
n =3 preparations) are very similar to
those for strong stimulation. (B2) Learn-
ing curves, weak and strong stimulation.

Consistent with the findings in Fig. 4, fa-
cilitation does not occur in the absence
of the CNS. The peak phase shows no

significant change from baseline for either weak or strong stimulation [(ns) not significant; unpaired t-tests with Bonferroni
correction for five tests]. In contrast, prolonged neural activity of the late phase is significantly reduced compared with
baseline by trial 1 for both stimulus strengths [asterisk (*), P < 0.05; unpaired t-tests]. This pattern of depression is

consistent with plasticity at locus 1.

sion at the synapses between sensory neurons and
interneurons (locus 1 on Fig. 1) because prolonged
firing occurs in the interneurons.

PLASTICITY OF C3 RESPONSE WITH CNS INTACT

C3 is a giant motoneuron that contributes sub-
stantially to the mediation of tentacle withdrawal
(Prescott et al. 1997). Its large size allows for rela-
tively good intracellular recording, which also pro-
vides the benefit of selective, intracellular stimula-
tion. The convergent input onto C3 from both sen-
sory neurons and interneurons (Fig. 1) is reflected
in its response, which consists of a high-frequency
burst followed by more prolonged, tonic activity
(Fig. 6A).

Unlike the olfactory nerve response, the C3
response showed a decrease in its peak phase over
the course of training for both weak and strong
stimulation (Fig. 6B,C). The responses were con-
sistently lower than baseline for both stimulus
strengths, but the reduction did not reach signifi-
cance in either case. Given the very high firing
frequency in the peak phase, decreased firing may
not accurately reflect decreased synaptic input to
C3 because of response saturation, which could
explain the attenuated decrement in this phase
(Fig. 6B,C). As expected, the decrease was slower

in the case of strong stimulation. The C3 response
decrement is probably mediated through depres-
sion at the synapse between sensory neurons and
C3 (ocus 2).

With weak stimulation, the late phase C3 re-
sponse also decreased (Fig. 6B); the reduction was
significant by trial 1 (P < 0.05). This could be due
to depression at locus 1 and/or at locus 3. Using
the simplifying assumption of linear additivity to
subtract the effects of depression at locus 1 (see
figure legend for details), Figure 7A demonstrates
that the reduction in the late phase olfactory nerve
response is sufficient to account for reduction in
the late phase C3 response. This suggests that de-
pression occurs upstream at locus 1 rather than
farther downstream at locus 3.

Changes in the late phase response were quali-
tatively different depending on whether training
was with weak or strong stimulation (Fig. 6, cf. B
and C). After training with strong stimulation, the
late phase C3 response showed a transient increase
(Fig. 6C) reminiscent of plasticity in the late phase
muscle response with the CNS intact (Fig. 3B). The
response at trial 1 was not, however, significantly
increased compared with baseline or with Figure
6B. However, a one-way ANOVA on the late phase
response using data from trials 1-5 showed that
stimulus intensity did have a significant effect
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Figure 6: Plasticity of C3 response. A
(A) Example of C3 response to weak me-

chanical stimulation in a naive prepara-

tion. The duration of stimulation is

marked by a thick bar at bottom, left of

the trace. The two different phases of the

response to be measured are also

marked: (A) peak phase, response at

1.75 sec; (#) late phase, response over

the last 15 sec. This example shows a B
relatively robust late phase response.
(B1) Response profiles, weak stimula-
tion; n=3 preparations. (B2) Learning
curves, weak stimulation. The peak
phase response decreases between trials
0 and 5, but the reduction does not
reach significance compared with base-
line [(ns) not significant; unpaired t-tests
with Bonferroni correction for five tests];
however, response saturation may at-
tenuate the observable decrease in spike
number (see Results). Depression at lo-
cus 2 is the most probable cause for the
decrease in the peak phase C3 response.
Reduction in the late phase compared
with baseline is significant by trial 1 [as-
terisk (*), P < 0.05; unpaired t-test]. De-
pression at locus 1 is the most probable
cause for this decrease (see Results).
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(CT) Response profiles, strong stimula-
tion; n=3 preparations. (C2) Learning
curves, strong stimulation. Reduction of
the peak phase is less than with weak

Trial #

stimulation [the response is not significantly altered from baseline; (ns) not significant; unpaired t-tests with Bonferroni
correction for five tests], but the kinetics are otherwise quite similar with the response showing a progressive decrement.
In contrast, the late phase of the C3 response shows a transient increase very similar to that seen in the late phase muscle
response (Fig. 3D). The increase at trial 1 is not significant compared with baseline or to data in B2 [(ns) not significant;
unpaired t-tests]; however, results of a one-way ANOVA described in the text suggest that sensitization does affect the late
phase response. These data are consistent with selective expression of facilitation in the polysynaptic pathway.

Etensiry = 7-58, P<0.05, df=1) that suggests
that sensitization affects the late phase. Despite the
variability between preparations, plasticity in the
late phase response seen after strong stimulation
appears quite different from that seen after weak
stimulation.

The above data provide evidence for facilita-
tion in at least one component of the central poly-
synaptic pathway. Past experiments in which the
CNS was lesioned after induction of sensitization
suggest, in fact, that the majority of facilitation is
probably expressed in the peripheral pathways
(Prescott and Chase 19906). Facilitation in periph-
eral pathways cannot be directly recorded for tech-
nical reasons, but data reported below confirm that
such facilitation does occur and appears to be

much more robust than in the central pathway.
Common expression of facilitation between cen-
tral and peripheral pathways could be explained
by facilitation at locus 1 and/or facilitation at both
loci 3 and 5. Facilitation at the neuromuscular junc-
tion (loci 6 and 7) is also possible.

Another issue to consider for localizing facili-
tation is the relationship between facilitation and
prolongation and their respective sites of expres-
sion. Prolongation is the phenomenon wherein the
excitation caused by a brief stimulus is transformed
into a prolonged neuronal discharge. Previous ex-
periments have shown that the transformation oc-
curs in the tentacle ganglion, most likely at locus 1,
and that the degree of prolongation is proportional
to the signal intensity (Prescott et al. 1997). On the




120 4
100 4
2
g &1
&
o 60
5
2
S 401 —
o
2 Q
20 -
0 :
0 1 2 3 4 5
Trial #
100
o 8
g
g
g 60
ol
L=
=4 [
[+
E 40 ‘—ﬁ
k-]
=2
20 -
0

o

2 3 4
Trial #

(=]
-

Figure 7: Localization of depression. (A) Depression in
the central pathway, weak stimulation. Original data for
late phase responses have been fit with single exponen-
tial curves. Reduction of the late phase olfactory nerve
response indicates depression at locus 1 (late phase data
from Fig. 5B2, A), whereas reduction of the late phase
C3 response indicates the summed depression at loci 1
and 3 (late phase data from Fig. 6B2, ¥). Depression at
locus 3 (@) was calculated by subtracting depression at
locus 1 from depression at loci 1 + 3, using the simpli-
fying assumption of linear additivity. Inferred plasticity
at locus 3. The results indicate that depression at locus 3
contributes little to total depression. (B) Depression in
the peripheral pathway, weak stimulation. The same
strategy is used as in A to subtract depression at locus 1
(late phase data from Fig. 5B2, A) from depression at
loci 1 + 5 + 7 (late phase data from Fig. 4A2, ) to show
that depression at locus 5 and/or 7 makes only a minor
contribution compared with depression at locus 1. (O)
Inferred plasticity at loci 5 and 7. Together with the
findings of Figs. 4 and 5, these data indicate that decre-
ment of sensory neuron output is the main cause of de-
creased transmission through the neural circuit.

basis of the influence of signal intensity, facilitation
causing increased transmission at locus 1 would be
expected to enhance prolongation, whereas facili-
tation downstream would likely fail to have any
such effect. It seems highly plausible, therefore,
that facilitation conferring sensitization in the late

PLASTICITY OF THE TENTACLE WITHDRAWAL REFLEX

phase response occurs at locus 1, but this does not
exclude plasticity farther downstream in either the
central or peripheral polysynaptic pathways.

PLASTICITY AT OTHER SITES IN THE CIRCUIT

Having investigated plasticity in the central
pathway, the next goal was to understand plastic-
ity at analogous sites in the peripheral pathway.
Although direct measurement of plasticity in this
pathway is complicated by technical difficulties,
data already presented allow one to infer that re-
duction of the neural signal in the peripheral path-
way (reflected by decreased muscle response after
CNS lesion; see Fig. 4) is mostly attributable to
depression at an early locus. For habituation of the
early phase, depression probably occurs at the pe-
ripheral synapse between sensory neurons and mo-
toneurons (locus 4). Using the same method of
subtraction as in Figure 7A, Figure 7B shows that
the majority of reduction in the late phase muscle
response is most likely attributable to depression at
locus 1. In both cases, the localization of depres-
sion is in keeping with previous data (see above)
indicating that the output synapses of sensory neu-
rons are prone to depression. There may also be
plasticity farther downstream, such as depression
at the neuromuscular junction (locus 7), but any
such contribution is probably minor.

We examined the question of neuromuscular
plasticity mediated through the central pathway by
directly exciting C3 by injection of depolarizing
current (1.0 nA over 8 sec) to cause spiking
equivalent in intensity to that caused by weak me-
chanical stimulation of the olfactory epithelium.
This intracellular stimulation was repeated using
the same training schedule as in other experi-
ments; total spike number and peak muscle re-
sponse were measured. Between trials O and 5, the
C3 response decreased by only 3.3%, whereas the
muscle response decreased by only 4.0% (n =3
preparations). Repeated stimulation therefore
caused neither reduction in C3’s excitability nor
depression of C3’s output (i.e., at locus 6).

The possibility of post-tetanic potentiation at
C3’s neuromuscular junction (locus 6) was also
tested. Various intensities, durations, and combina-
tions of stimulation were tried, but in no instance
was there evidence of increased synaptic transmis-
sion to the muscle. Results also suggests that C3 is
not responsible for inducing heterosynaptic facili-
tation. The possibility of heterosynaptic facilitation
at locus 6 under other training conditions is not




Prescott and Chase

ruled out by these experiments, but it seems un-
likely given other results. All available data suggest
that locus 6 is nonplastic. Separate stimulation ex-
periments suggest that post-tetanic potentiation is
also absent from other neuromuscular junctions
(see below).

INDUCTION OF SENSITIZATION
BY ELECTRICAL STIMULATION

Given the necessity of the CNS for the induc-
tion of sensitization, we hypothesized that facili-
tatory neurons project from the CNS to the periph-
ery where they effect an increase in synaptic trans-
mission selectively in the polysynaptic pathway
(see Fig. 1). Given the upstream location of depres-
sion relative to facilitatory neurons, activation of
facilitatory neurons would tend to wane as depres-
sion develops, thereby causing a reduction in fa-
cilitation. This has important implications for dual-
process learning (see Discussion).

Because facilitatory neurons have not yet been
identified in this system, the scenario described
above cannot be directly demonstrated. As an al-
ternative, the olfactory nerve was lesioned and
electrically stimulated at its distal end, first, to
show that facilitation can be expressed in the pe-
riphery as suggested earlier in the text, second, to
show that this stimulation can elicit sensitization

(therein supporting the existence of centrifugal fa-
cilitatory neurons), and third, to investigate the ki-
netics of sensitization elicited in such a manner.
The stimulus used for each training trial consisted
of 50 pulses delivered at 10 Hz, each pulse being
20 msec in duration and 500 mV in intensity; weak
mechanical stimulation was used for the test trials.

Direct stimulation of the olfactory nerve elic-
ited sensitization (Fig. 8). The rising phase re-
sponse, although increased, was not significantly
changed in any trial compared with control data.
On the other hand, the increase in the late phase
response was significant by trial 1 (P < 0.01). Be-
cause the CNS had been lesioned, these results sug-
gest that the axons of central facilitatory neurons
were directly excited, causing facilitation in the
periphery. The effects of sensitization were similar
to those observed in response to mechanical stimu-
lation (Figs. 2 and 3); specifically, the late phase
showed a large increase, whereas the other two
phases showed only small increases. One could ar-
gue that this sensitization was possibly caused by
post-tetanic potentiation rather than by heterosyn-
aptic facilitation, but such an argument is not sup-
ported by the differential effects of sensitization
depending on response phase.

An important point to notice in Figure 8 is the
kinetics of the sensitization. Although there is a
slight decrease after the largest increase (at trial 1)

Figure 8: Plasticity of muscle response
with olfactory nerve stimulation. Electrical
stimulation was applied to the distal end
of the cut olfactory nerve for training;

weak mechanical stimulation was used for
testing. (A) Rising phase, response at 2
sec; (A) peak phase, response at 7 sec; (#)
late phase, response over the last 15 sec.
(A) Response profiles; n = 3 preparations.
The small graph shows a 90° clockwise
rotated view of the large graph. (B) Learn-
ing curves. The rising phase increased
above baseline, but the response is not
significantly larger than control data at
any trial [(ns) not significant; unpaired t-
tests with Bonferroni correction for five
tests]. The late phase response showed the
greatest increase and is significantly larger
than control data by trial 1 [asterisks (**),
P < 0.07; unpaired t-test). This pattern of
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effects in which the late phase is greatly increased whereas the other phases are less affected is similar to the effects
observed with training by mechanical stimulation (Figs. 2 and 3). These data therefore support the argument that facili-
tatory neurons project from the cerebral ganglia (as shown in Fig. 1) and effect facilitation peripherally in the polysynaptic

pathways.
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in the late phase response, the increase is main-
tained well above baseline. In this regard, the ki-
netics of plasticity in the late phase response are
more similar to those observed in Figure 2C than to
those in Figure 3B; furthermore, there is no evi-
dence of decreases in the other phases of the re-
sponse. These results suggest that repeated stimu-
lation of the olfactory nerve, although causing sen-
sitization through direct excitation of the
facilitatory neurons, did not elicit habituation be-
cause the site of stimulation was downstream of
the locus of depression.

Discussion

Careful analysis of the tentacle withdrawal re-
flex in Helix shows that different phases of the
response can change independently through learn-
ing and are differentially influenced by habituation
and sensitization. Previous data from this system
and from Aplysia (see Introduction) suggest that
the early phase of withdrawal responses is medi-
ated by monosynaptic neural pathways. Data from
Figure 6 show that the monosynaptic pathway dis-
plays depression, which is consistent with habitu-
ation of the rising phase muscle response seen in
Figures 3 and 4. The polysynaptic pathway, which
is believed to be important for the later part of the
response by virtue of its prolonged activity, also
expresses depression (Figs. 5 and 6), the effects of
which are reflected in the late phase muscle re-
sponse (Figs. 3 and 4). But whereas depression is
common to both pathways, facilitation is selec-
tively expressed in the polysynaptic pathway as
suggested by the dissociation of plasticity in the
early and late phase responses in both C3 (Fig. 6)
and the muscle (Figs. 2, 3, and 8). These results are
consistent with our previous report of the differ-
ential effects of habituation and sensitization on
response amplitude and duration (Prescott and
Chase 1996). Recent experiments in Tritonia
(Brown et al. 1996) and in Aplysia (Hawkins et al.
1998) have also demonstrated dissociative changes
in different components of behavior, leading the
authors to postulate that plasticity at different loci
in the network underlies changes in different com-
ponents of the behavior.

Table 1 summarizes the localization of plastic-
ity within the neural network mediating tentacle
withdrawal in Helix. The vast majority of plasticity
occurs at the output synapses of sensory neurons
(loci 1, 2, and 4), but, as noted above, net plasticity
is not the same between monosynaptic and poly-

PLASTICITY OF THE TENTACLE WITHDRAWAL REFLEX

Table 1: Summary of plastic loci

Number
on

Synapse Fig. 1 Depression  Facilitation
Sl 1 yes yes
S-C3 2 yes no

I-C3 3 no no

S-M 4 yes no

[-M 5 no @)
C3-muscle 6 no no
M-muscle 7 no )

(C3) lIdentified motoneuron; (F) facilitatory neurons;
() interneurons; (M) motoneurons additional to C3;
(S) sensory neurons.

synaptic pathways, with facilitation selectively ex-
pressed in the latter (most likely at locus 1). The
balance between the opposing forms of plasticity
is significantly influenced by the intensity and fre-
quency of stimulation. By taking advantage of this
sensitivity to stimulation parameters, as well as the
necessity of the CNS for sensitization, data were
collected to investigate how depression and facili-
tation interact to determine net plasticity and the
kinetics of dual-process learning, as will be ex-
plained below.

HABITUATION AND DEPRESSION

It is widely held that synaptic depression is
causally related to behavioral habituation (see
Christoffersen 1997) though other mechanisms
causing reduced neural transmission have been de-
scribed, such as decreased sensory neuron excit-
ability (Walters et al. 1983). In Aplysia, homosyn-
aptic depression is very robust at sensory neuron
output synapses (Castellucci et al. 1970). Plasticity
at an analogous, upstream position seems to occur
in many circuits (for reviews, see Menzel and
Bicker 1987; Prescott 1998). Data indicate that the
tentacle withdrawal reflex of Helix similarly ex-
presses depression at the sensory neuron output
synapses (loci 1, 2, and 4).

There are many consequences of depression
occurring so early in the circuit. Because depres-
sion precedes divergence of monosynaptic and
polysynaptic pathways, depression affects trans-
mission through both pathways, as seen in Aplysia
(Hawkins et al. 1981). The ubiquitous effects of
depression on the rate (rising phase), peak ampli-
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tude (peak phase), and duration (late phase) of the
response seen in this study support the same con-
clusion. Another consequence of depression so
early in the circuit is that input to downstream
facilitatory neurons will wane as depression devel-
ops, which has important consequences for the
kinetics of learning (see below).

SENSITIZATION AND FACILITATION

Just as depression is thought to cause habitu-
ation, facilitation is thought to underlie sensitiza-
tion. An increase in synaptic transmission can be
effected by many different mechanisms (Fisher et
al. 1997). By using the word facilitation, we wish
only to indicate that transmission through the plas-
tic locus is increased and that the mechanism re-
sponsible for this change is heterosynaptic, that is,
produced by influences extrinsic to the plastic lo-
cus. In the case of tentacle withdrawal, the need
for heterosynaptic modulation is illustrated by the
necessity of the CNS for facilitation (cf. Figs. 3 and
4), especially given that facilitation can be ex-
pressed in the periphery (Fig. 8; Prescott and
Chase 1996).

In Aplysia, the mechanism for presynaptic fa-
cilitation has been well described (Castellucci and
Kandel 1976; for review, see Byrne and Kandel
1996). A similar mechanism probably occurs in He-
lix. Facilitation also tends to occur at an upstream
position but only at a subset of the synapses that
display depression. In other words, depression
tends to be cellwide, but facilitation is branch spe-
cific depending on where modulatory transmitter
is received and where it induces facilitation (Clark
and Kandel 1984; Martin et al. 1997). The branch
specificity of facilitation is important for explaining
the differential effects of sensitization on different
components of the behavior as observed in Aplysia
(e.g., Stopfer and Carew 1996) and in the current
study (Figs. 2, 3, 6, and 8). The most plausible
scenario for facilitation in the tentacle withdrawal
reflex is that facilitatory neurons projecting from
the CNS (Fig. 1) cause facilitation peripherally, in
the polysynaptic pathways.

Although the effects of facilitation predomi-
nate in the polysynaptic pathway underlying ten-
tacle withdrawal in Helix, precise localization of
the facilitated loci is uncertain (Table 1). A large
component probably occurs at locus 1, first, be-
cause of facilitation’s common expression in cen-
tral and peripheral polysynaptic pathways and, sec-
ond, because of the position of locus 1 relative to

the site of prolongation. However, both lines of
argument are circumstantial, and facilitation’s
more precise localization warrants further investi-
gation. In Aplysia for instance, facilitation at sen-
sory neuron synapses is well documented, but
comparatively recent findings have emphasized
plasticity at other sites and by other mechanisms
such as a reduction of inhibition (Frost et al. 1988;
Fischer and Carew 1993; Trudeau and Castellucci
1993a,b; Cohen et al. 1997). Although inhibition
can occur in the circuit mediating tentacle with-
drawal, modulation of inhibition does not contrib-
ute to plasticity with the stimulus strengths used in
this study (Prescott 1997).

DUAL-PROCESS THEORY OF LEARNING

Interactions between learning processes are
important in determining how plasticity develops
and how it is expressed. At the synaptic level, the
effects of depression influence whether spike
broadening or vesicle mobilization is the predomi-
nant cause of facilitation (Klein 1995; Byrne and
Kandel 1996). At the network level, Hawkins et al.
(1998) have suggested recently that interactions
between habituation and inhibition may underlie
some of the differences between dishabituation
and sensitization previously described in Aplysia
(e.g., Marcus et al. 1988). Dual-process learning,
characterized by transient sensitization followed
by habituation (Groves and Thompson 1970), is
also thought to result from interactions between
learning processes at the network level (Prescott
1998). The plasticity exhibited by the tentacle
withdrawal reflex is consistent with the dual-pro-
cess theory of plasticity.

The results of this study support our hypoth-
esis that the relative positioning of depression and
facilitation affects how these forms of plasticity in-
teract to determine the kinetics of dual-process
learning. As stimulation is repeated, depression oc-
curs at sensory neuron output synapses. With
weak stimulation, depression is robust and occurs
in the absence of facilitation. With stronger stimu-
lation, depression still occurs but is weaker and
slower to develop, consistent with the standard
features of habituation (Thompson and Spencer
1966), and, moreover, the changes in synaptic
transmission are confounded by the introduction
of facilitation. Like depression, facilitation is ex-
pressed at an upstream locus, but it may not be
ubiquitous in all neural pathways given its branch
specificity (see above).




Unlike depression, which is by a homosynap-
tic process, facilitation is heterosynaptic and relies
on facilitatory neurons for its induction. These fa-
cilitatory neurons are excited via sensory neurons
whose output is prone to depression; therefore,
the induction of sensitization will wane as depres-
sion develops upstream and causes reduced activa-
tion of facilitatory neurons. We refer to this reduc-
tion in sensitization’s induction as the habituation
of sensitization. Facilitation is also expressed up-
stream, but its pathway specificity is such that fa-
cilitation does not enhance the induction of facili-
tation, that is, there is no positive feedback loop
(see Prescott 1998). Therefore, the relative posi-
tioning of plasticity in the network may explain the
longstanding observation that sensitization tends
to habituate (Lehner 1941; Thompson and Spencer
1966; Pinsker et al. 1970).

Our hypothesis is, therefore, that depression is
expressed upstream of the site at which facilitation
is induced and that the consequent interaction be-
tween the learning processes leads to the kinetics
of dual-process learning. Hill and Jin (1998) have
described a very similar pattern of plasticity in the
cricket cercal system. When depression and facili-
tation occur together in that system, learning ki-
netics characteristic of dual-process learning are
observed. Furthermore, all of the sensory neuron
synapses display depression thought to be medi-
ated by a presynaptic mechanism. Facilitation also
occurs but only at a subset of synapses. The hy-
pothesis is that facilitation is mediated by a retro-
grade signal from the postsynaptic cell (Davis and
Murphy 1993). The important observation is that
the same relative positioning of depression and fa-
cilitation as observed in the present paper gives
rise to dual-process learning kinetics in the cricket
cercal system.

Having not yet identified the facilitatory neu-
rons in the tentacle withdrawal reflex, we have not
been able to establish with certainty whether re-
duced input to facilitatory neurons is responsible
for the habituation of sensitization in Helix. Re-
duced input to the facilitatory neurons would oc-
cur if innervation of those neurons were predomi-
nantly through the monosynaptic pathway; suc-
cessful induction of sensitization by short-duration,
high-intensity stimulation of the olfactory nerve
(Fig. 8) is consistent with this type of innervation.
Reduced input to central facilitatory neurons is
also consistent with the observation that facilita-
tion has a greater effect on peripheral pathways
than on central ones (see Results). Hypothetically,
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depression of facilitatory neuron output could also
cause the habituation of sensitization, but the ob-
servation that sensitization does not wane when
the olfactory nerve is repeatedly stimulated (Fig. 8)
argues against such a mechanism and further sug-
gests that decremental changes are occurring up-
stream of the putative facilitatory neurons. The ca-
pacity to cause dishabituation by stimulation else-
where than the tentacle (Prescott and Chase 1996),
indicates that the capacity for incremental change
is intact and, therefore, that depression predomi-
nantly affects the induction rather than the expres-
sion of facilitation. Dishabituation is, of course, an
important criterion for habituation (Thompson and
Spencer 1966), and it suggests that depression of
facilitatory neuron output should not occur, but
one must be cautious in equating the mechanisms
of dishabituation and sensitization (as earlier pa-
pers did, e.g. Groves and Thompson 1970) given
more recent findings (Marcus et al. 1988).

In a recent review of the dual-process theory
of plasticity (Prescott 1998), a set of differential
equations was presented with the intention of de-
scribing the kinetics of dual-process learning based
on a logical interpretation of the interactions be-
tween learning processes. As shown in that paper,
data previously available to test the model were
less than ideal. Some of the experiments presented
here were specifically designed to elicit habitua-
tion and sensitization separately and thereby allow
determination of the kinetics of the individual
learning processes by fitting the appropriate
curves. The effects of pure habituation and pure
sensitization can be described by simple differen-
tial equations:

Pure habituation:

Pure sensitization:
dEy/dt = o(E,,,.. — Es). (@)

E represents synaptic efficacy, and subscripts iden-
tify the learning process causing E to change. For
habituation, E,, decreases at rate m to minimum
asymptote FE, ;. For sensitization, Eg increases at
rate o to maximum asymptote E,,,  (see Fig. 9,
legend). Equations 1 and 2 can be combined to

describe the habituation of sensitization:
Habituating sensitization:

dE,/dt = & + E,()/100[(E,,,,.. — 100)E,(t)/100
+100 - E, . €)
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Equation 3 is written such that the rate and extent
of sensitization decrease as habituation develops.
Equation 3 is slightly modified from its original
form (Prescott 1998), but only to account for the
different scale in which E is expressed. The effects
of habituating sensitization and habituation are
added to determine the net plasticity given that
depression and facilitation are most likely ex-
pressed in parallel in this system.

The numerical values for parameters in equa-
tions 1 and 2 were determined by fitting the curves
for pure habituation and pure sensitization (Fig. 9).
These values were then used in equation 3 to cal-
culate the predicted plasticity associated with dual-
process learning. Comparison of the predicted
plasticity with data from experiments in which de-

Transmission Efficacy ()

Trial # (f)

Figure 9: Comparison of empirical data with math-
ematical model for dual-process learning. Pure sensiti-
zation (M, E)) is represented here by plasticity in the late
phase muscle response shown in Fig. 2C2; the data are
fit (P = 0.99) by an exponential curve described by the
differential equation dEg / dt = 4.0 (287.5 - Eg). Pure ha-
bituation (A, E,) is represented by plasticity in the late
phase muscle response shown in Fig. 4B2; the data are
fit (P=0.96) by the equation dE,/dt=-0.43
(Ex; — 19.5). The net plasticity resulting from concurrent
habituation and habituating sensitization (O, E, s + E,,
- 100), that is, dual-process learning, is represented by
plasticity in the late phase muscle response shown in
Fig. 3B2; in this case, the curve is not a least squares fit
of the data but, instead, represents the predicted plastic-
ity using the numerical values from the above two curve
fits in the equation for habituating sensitization,
dE, s/ dt = 4.0 - {0/ 100 [(287.5 — T00)E,(f) / 100 +
100 — E,¢l. This equation was numerically integrated
using the fourth-order Runge—Kutta method to calculate
E,,s as a function of time, and the final net plasticity was
determined as E,,{#) + E,(t) — 100. The resultant curve
describes the empirical data quite well (* = 0.84, which
is significant, P < 0.05) suggesting that this model may
accurately describe the nonlinear interactions between
depression and facilitation that produce the kinetics
characteristic of dual-process learning.

pression and facilitation developed concurrently
(Fig. 3B) shows that the simple mathematical
model is reasonably successful in describing the
kinetics of dual-process learning ? = 0.84; Fig. 9);
this value of 7 is significant (P < 0.05).

The apparent success of the model in dealing
with the current data is not sufficient to validate
the model, but it does demonstrate the model’s
utility for future research in this and other systems.
For instance, if the neurons responsible for sensi-
tization of the tentacle withdrawal reflex were
identified, it would be desirable to determine the
kinetics of depression in their input (or possibly
output) for use in equation 3, that is, to calculate
the kinetics of the habituation of sensitization. If
the prediction is correct that habituation of sensi-
tization is faster and more robust than response
habituation (Prescott 1998), the systematic over-
shoot of the predicted dual-process plasticity in
Figure 9 would be eliminated. It would also be
beneficial to test the model over a range of stimu-
lus frequencies and intensities. This would evalu-
ate how well the model predicts the kinetics of
dual-process learning with quantitatively different
combinations of depression and facilitation.

Findings from the current study illustrate the
importance of identifying the location of plastic
changes within a neural network. First, differential
expression of plasticity in the various elements of
the network can give rise to dissociative changes in
the various components of behavior, such as the
rate, peak amplitude, and duration of the response.
Second, plasticity at a particular locus in a network
can affect plasticity occurring elsewhere in the net-
work giving rise to such phenomena as dual-pro-
cess learning. Clearly, cellular plasticity must be
considered at the network level if one wishes to
fully explain the modification of behavior by learn-
ing.
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